I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Acute lung injury (ALI) is among the major causes of mortality in septic patients.\[[@ref1]\] Intracellular Ca^2+^ overload is an important mechanism for sepsis-induced ALI, which causes proinflammatory cytokine release,\[[@ref2]\] mitochondrial dysfunction,\[[@ref3]\] oxidative stress,\[[@ref4]\] and vascular barrier impairment.\[[@ref5]\] The cluster of differentiation 38 (CD38)/cyclic adenosine diphosphate ribose (cADPR) pathway is an important regulator of intracellular Ca^2+^ mobilization.\[[@ref6]\] CD38 is the major adenosine diphosphate (ADP)-ribosyl cyclase in mammals and uses nicotinamide adenine dinucleotide (NAD^+^) to produce ADPR and a small portion of cADPR.\[[@ref7]\] cADPR then regulates Ca^2+^ mobilization by activating calcium-induced calcium release\[[@ref6]\] or promotes Ca^2+^ entry via the transient receptor potential cation channel M2.\[[@ref8]\]

The CD38/cADPR pathway has been found to play roles in various physiological and pathological processes including inflammation, cell proliferation, neuronal differentiation, cardiogenesis, Ca^2+^ sparks in cardiomyocytes, insulin release, and diabetes.\[[@ref6]\] Recently, more attention was paid to the important roles of this pathway in multiple inflammatory processes. The CD38/cADPR pathway was found to be involved in the adhesion and chemotaxis of immune cells during inflammation.\[[@ref9][@ref10]\] Proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and interferon-γ could enhance CD38 expression and ADP-ribosyl cyclase activity in human airway smooth muscle cells.\[[@ref11][@ref12]\] CD38 expression was significantly upregulated in IL-1β- or human immunodeficiency virus-1-activated human astrocytes, and CD38 knockdown could reduce proinflammatory cytokine production.\[[@ref13]\] Blocking the CD38/cADPR pathway with 8-bromo-cyclic adenosine diphosphate ribose (8-Br-cADPR), which is a specific inhibitor of cADPR, could reduce intracellular Ca^2+^, \[[@ref10][@ref14][@ref15]\] reactive oxygen species (ROS),\[[@ref16][@ref17]\] proinflammatory cytokines,\[[@ref14][@ref15]\] and attenuate tissue injury such as neuroinflammation,\[[@ref18]\] cardiac ischemia/reperfusion injury\[[@ref19]\] and airway hyper-responsiveness.\[[@ref11][@ref20]\] However, the role of the CD38/cADPR pathway in sepsis-induced ALI is still unknown. In this study, we looked into the role of this pathway in sepsis-induced ALI and evaluated the effect of blocking cADPR-mediated calcium overload on lung injury.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Materials and reagents {#sec2-1}
----------------------

Alcohol dehydrogenase, NAD, ADP-ribosyl cyclase, nicotinamide, resazurin, diaphorase, bovine serum albumin (BSA), 3-4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT), bicine, riboflavin 5'-mono-phosphate (FMN), phenazine ethosulfate (PES), ethylenediaminetetraacetic acid (EDTA)-Na, alcohol dehydrogenase (ADH), and 8-Br-cADPR were purchased from Sigma-Aldrich (St. Louis, MO, USA). cADPR and CD38 antibody were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Phosphodiesterase I was obtained from Worthington Biochemicals (Lakewood, CA, USA). Fluo-3/acetoxymethyl ester (Fluo-3/AM) was purchased from Solarbio (Beijing, China), and the other reagents were purchased from North Bell (Changsha, China).

Rat model of sepsis {#sec2-2}
-------------------

This study was approved by the Ethical Committee of the Laboratory Animal Research Center of Central South University and complied with the World Medical Association *Declaration of Helsinki* on Ethical Principles for Medical Research Involving Humans for studies involving experimental animals. Male Sprague-Dawley rats (SCXK \[Xiang\] 2011-0002) with a mean weight of 200 g were used. Rat models of sepsis were established by cecal ligation and puncture (CLP) as previously described.\[[@ref21]\] Briefly, rats were fasted overnight before the day of surgery and anesthetized by intraperitoneally injecting 0.3 ml/100 g of 10% chloral hydrate. The lower abdomen was incised and the cecum was ligated with 2-0 surgical silk, pierced with an 18-gauge needle, gently compressed until fecal matter was extruded, and returned to the abdominal cavity. The abdomen was then completely closed with 2-0 surgical silk. About 10 ml of normal saline solution were administered subcutaneously immediately after surgery for volume resuscitation. Rats were randomly divided into the sham group, the CLP group (including four different time points groups: 6, 12, 24, and 48 h), and the CLP+ 8-Br-cADPR group (*n* = 12). The CLP+ 8-Br-cADPR group was injected with 1 µmol/kg 8-Br-cADPR dissolved in normal saline solution through the tail vein immediately after CLP surgery.\[[@ref22]\] Rats were killed after anesthesia, and the lungs were collected and frozen in liquid nitrogen or were perfused and fixed for histology studies.

Nicotinamide adenine dinucleotide assay {#sec2-3}
---------------------------------------

Intracellular NAD^+^ levels were measured by an enzyme cycling method as described previously.\[[@ref22][@ref23]\] Briefly, lung tissues were pulverized into a powder in liquid nitrogen, resuspended in 100 mmol/L HCl, put on ice for 10 min, and then centrifuged at 12,000 ×*g*. The acid-soluble fractions were neutralized with 100 mmol/L KOH. The samples were mixed with 0.83 mg/ml BSA, 100 mmol/L bicine, 4.17 mmol/L EDTA-Na, 0.50 mol/L ethanol, 0.42 mmol/L MTT, 1.66 mmol/L PES, and 2 U ADH in 96 well plates. The 96-well plates were incubated at 30°C for 30 min in the dark. Absorbances were measured at 550 nm, and NAD^+^ concentrations were calculated according to the standard curves of purified NAD.

Cyclic adenosine diphosphate ribose assay {#sec2-4}
-----------------------------------------

cADPR levels were measured by an enzyme cycling method as described previously.\[[@ref22][@ref24]\] Briefly, lung tissues were pulverized into a powder in liquid nitrogen, extracted with 0.6 mol/L perchloric acid at 4°C, mixed with 1:4 volume of an organic solution of 1,1,2-trichlorotrifluoroethane and tri-n-octylamine (3:1), vortexed for 1 min, and put on ice until the aqueous phase separated from the organic phase. The aqueous layer was collected and adjusted to a pH of 8 with 20 mmol/L sodium phosphate. The samples were then mixed with 0.0625 U/ml NADase in 2.5 mmol/L MgCl~2~, 12.5 U/ml alkaline phosphatase, 0.44 U/ml nucleotide pyrophosphatase, and 20 mmol/L sodium phosphate, pH 8.0, and incubated overnight at 37°C. After filtering with Multiscreen Assay System filtration plates (Millipore, Billerica, MA, USA), 0.1 ml cADPR or the samples and 50 µl of a reagent containing 30 mmol/L nicotinamide, 0.3 µg/ml ADP-ribosyl cyclase, and 100 mmol/L sodium phosphate, pH 8.0, were mixed and incubated for 15 min at room temperature. The samples were then mixed with 100 µg/ml ADH, 10 µmol/L FMN, 20 µmol/L resazurin, 10 mmol/L nicotinamide, 10 µg/ml diaphorase, 2% ethanol, 0.1 mg/ml BSA, and 100 mmol/L sodium phosphate, pH 8.0, and incubated in the dark for 4 h at room temperature. Fluorescence was measured with a fluorescence plate reader at an excitation of 544 nm and an emission of 590 nm. cADPR concentrations were calculated according to the standard curves of purified cADPR.

Western blotting {#sec2-5}
----------------

Lung tissues were lysed with RIPA buffer, sonicated on ice, and centrifuged at 200 ×g for 20 min at 4°C. The samples were then boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer for 5 min, electrophoresed on 10% SDS-PAGE, and transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA). Membranes were probed with primary antibodies overnight at 4°C and then with HRP-conjugated secondary antibodies. Bands were visualized with the enhanced chemiluminescence prime (GE Healthcare, Marlborough, MA, USA).

Calcium assay {#sec2-6}
-------------

Intracellular Ca^2+^ levels were measured with the Ca^2+^ indicator Fluo-3/AM as described previously.\[[@ref25]\] Lungs were chopped into small pieces in cold D-Hanks solution and digested with 0.25% trypsin-EDTA at 37°C for 20 min with shaking. The undigested tissue was removed through a 200 µm mesh nylon. Isolated cells were incubated with 5 µmol/L Fluo-3/AM for 30 min at 37°C in the dark and then washed twice with cold D-Hanks solution. Green fluorescence at 526 nm was measured by flow cytometry (Beckman Coulter, Brea, CA, USA).

Tissue fixation and sectioning for hematoxylin-eosin staining {#sec2-7}
-------------------------------------------------------------

Rats were killed after anesthesia and perfused through the left ventricles with 200 ml normal saline followed by 100 ml of 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (PBS). Lungs were removed, fixed in 4% paraformaldehyde, 0.1% diethylprocarbonate, and 0.1 mol/L PBS pH 7.0--7.6 for 30 min, dehydrated with increasing concentrations of ethanol for 30 min, cleared in xylene twice for 30 min, embedded in paraffin wax at 55°C with a copper mold, sectioned at a thickness of 5 µm, and mounted on slides. Slides were incubated at 60°C overnight, dewaxed in xylene twice for 2 min, serially rehydrated in 100%, 95%, 90%, 85%, and 75% ethanol twice for 5 min, washed with PBS, and stained with hematoxylin-eosin.\[[@ref22][@ref26]\]

Histological injury scores {#sec2-8}
--------------------------

Lung injury scores were determined according to previously established criteria\[[@ref27]\] with slight modifications. The degree of edema, alveolar and interstitial inflammation, alveolar and interstitial hemorrhage, atelectasis, necrosis, and hyaline membrane formation was scored as follows: 0 = none; 1 = 1--25%; 2 = 26--50%; 3 = 51--75%; and 4 = 76--100%.

Tumor necrosis factor-α, malondialdehyde, and superoxide dismutase activity assays {#sec2-9}
----------------------------------------------------------------------------------

Malondialdehyde (MDA), superoxide dismutase (SOD) activity, and TNF-α levels were measured with a thiobarbituric acid assay kit (Solarbio, Beijing, China), a xanthine and xanthine oxidase reaction system, and an enzyme-linked immunosorbent assay kit (Neobioscience, Shenzhen, China), respectively, following manufacturer\'s instructions. Absorbances at 532 nm (MDA) and 450 nm (SOD and TNF-α) were measured with a microplate reader (Bio-Tek, Shanghai, China). The results were calculated according to the manufacturer\'s instructions and normalized to total protein concentration.

Statistical analysis {#sec2-10}
--------------------

Data were expressed as mean ± standard deviation (SD). Differences between groups were analyzed by one-way analysis of variance (ANOVA) and *post hoc* with SPSS 19.0 (International Business Machines Corp., Armonk, NY, USA). A value of *P* \< 0.05 was considered significant.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Nicotinamide adenine dinucleotide, cyclic adenosine diphosphate ribose, cluster of differentiation 38, and intracellular calcium levels in the lungs of septic rats increased significantly at 24 h after cecal ligation and puncture surgery {#sec2-11}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

NAD^+^, cADPR, and intracellular Ca^2+^ levels in the lungs of septic rats increased slightly as early as 6 h after CLP surgery, peaked at 24 h, and returned to baseline levels by 48 h \[[Figure 1](#F1){ref-type="fig"}\]. CD38 expression was also significantly upregulated at 24 h after CLP surgery (*P* = 0.046) \[[Figure 2](#F2){ref-type="fig"}\].

![NAD^+^, cADPR, and Ca^2+^ levels in the lungs of septic rats (a-c). \**P* \< 0.05 compared to the sham group. ^†^*P* \< 0.05 compared to 6 h. ^‡^*P* \< 0.05 compared to 12 h. ^§^*P* \< 0.05 compared to 24 h. NAD: Nicotinamide adenine dinucleotide; cADPR: Cyclic adenosine diphosphate ribose.](CMJ-129-1725-g001){#F1}

![CD38 expression in the lungs of septic rats (a-b). (a) Western blotting of CD38 and tubulin in the lungs of septic rats. (b) Densitometry of Western blotting of CD38 and tubulin (*n* = 3). \**P* \< 0.05 compared to the sham group. CD38: Cluster of differentiation 38.](CMJ-129-1725-g002){#F2}

Intracellular calcium overload was inhibited by 8-bromo-cyclic adenosine diphosphate ribose in the lungs of septic rats {#sec2-12}
-----------------------------------------------------------------------------------------------------------------------

Rats were divided into the sham group, the CLP group, and the CLP+ 8-Br-cADPR group. The intracellular Ca^2+^ level in the lungs of the CLP group was significantly higher than that in the sham group (*P* = 0.006). 8-Br-cADPR treatment significantly reduced intracellular Ca^2+^ levels in the lungs of septic rats (*P* = 0.007) \[[Figure 3](#F3){ref-type="fig"}\].

![Effect of 8-Br-cADPR on intracellular Ca^2+^ levels (*n* = 3). \**P* \< 0.05 compared to the sham group. ^†^*P* \< 0.05 compared to the CLP group. 8-Br-cADPR: 8-bromo-cyclic adenosine diphosphate ribose; CLP: Cecal ligation and puncture.](CMJ-129-1725-g003){#F3}

Lung injury in septic rats was attenuated with 8-bromo-cyclic adenosine diphosphate ribose {#sec2-13}
------------------------------------------------------------------------------------------

In the sham group, there was slight interstitial edema and inflammatory cell infiltration, but the structural of the alveolus was preserved \[[Figure 4a](#F4){ref-type="fig"}\]. In contrast, in the CLP group, there was obvious alveolar/interstitial edema and inflammatory cell infiltration \[[Figure 4b](#F4){ref-type="fig"}\]. In the CLP+ 8-Br-cADPR group, alveolar/interstitial edema was attenuated, and inflammatory cell infiltration was reduced compared with the CLP group \[[Figure 4c](#F4){ref-type="fig"}\]. Histological injury scores revealed significant differences between the CLP and sham groups (*P* = 0.002), and significant differences between the CLP and CLP+ 8-Br-cADPR groups (*P* = 0.023), which indicated that treatment with 8-Br-cADPR attenuated sepsis-induced ALI \[[Figure 4d](#F4){ref-type="fig"}\].

![Representative Hematoxylin and Eosin (HE) staining images for the sham group (a), CLP group (b), and CLP+ 8-Br-cADPR group (c). (d) Histologic lung injury scores (*n* = 6). \**P* \< 0.05 compared to the sham group. ^†^*P* \< 0.05 compared to the CLP group (Original magnification ×400). 8-Br-cADPR: 8-bromo-cyclic adenosine diphosphate ribose; CLP: Cecal ligation and puncture.](CMJ-129-1725-g004){#F4}

Tumor necrosis factor-α and malondialdehyde levels were reduced, and superoxide dismutase activity was recovered by 8-bromo-cyclic adenosine diphosphate ribose in the lungs of septic rats {#sec2-14}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

TNF-α and MDA levels were significantly increased (*P* \< 0.001 and *P* = 0.001, respectively), and SOD activity was significantly decreased (*P* = 0.048) in the lungs of the CLP group compared with the sham group. Treatment with 8-Br-cADPR reduced TNF-α and MDA levels (*P* \< 0.001 and *P* = 0.002, respectively) and recovered SOD activity (*P* = 0.031) in the lungs of septic rats \[[Figure 5](#F5){ref-type="fig"}\].

![TNF-α, MDA, and SOD activities in the lungs of septic rats (*n* = 6) (a-c). \**P* \< 0.05 compared to the sham group. ^†^*P* \< 0.05 compared to the CLP group. TNF: Tumor necrosis factor; MDA: Malondialdehyde; SOD: Superoxide dismutase; CLP: Cecal ligation and puncture; 8-Br-cADPR: 8-bromo-cyclic adenosine diphosphate ribose.](CMJ-129-1725-g005){#F5}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Recent studies have reported that the CD38/cADPR signaling pathway is involved in airway inflammation and hyper-responsiveness.\[[@ref11][@ref12][@ref20][@ref28][@ref29]\] When stimulated by cytokines such as TNF-α or IL-13, CD38 expression, and ADP-ribosyl cyclase activity are significantly enhanced in human airway smooth muscle cells.\[[@ref11][@ref12][@ref20][@ref28]\] CD38 knockdown or cADPR inhibition with 8-Br-cADPR can attenuate airway hyper-responsiveness.\[[@ref11][@ref28]\] Possible mechanisms by which the CD38/cADPR pathway is involved in inflammation include its regulatory effect on calcium homeostasis,\[[@ref6][@ref8][@ref29]\] the adhesion and chemotaxis of immune cells,\[[@ref9][@ref30]\] the release of proinflammatory cytokines and chemokines,\[[@ref12][@ref18]\] and the production of ROS.\[[@ref16][@ref17]\] However, little is known about its function in sepsis-induced ALI. In our previous study, the NAD^+^/CD38/cADPR/Ca^2+^ signaling pathway was found to be activated in the heart, liver, and kidneys of septic rats, and blocking this pathway with 8-Br-cADPR protected these organs against sepsis-induced injury.\[[@ref22]\] Thus, we hypothesized that this pathway also is activated and plays important roles in sepsis-induced ALI. In this study, we found that NAD^+^, CD38, cADPR, and intracellular Ca^2+^ levels were all significantly increased in the lungs of septic rats at 24 h after CLP surgery.

We then administered 8-Br-cADPR by intravenous injection to septic rats immediately after CLP surgery. The dose was chosen according to our previous study.\[[@ref22]\] We found that intracellular Ca^2+^ overload was significant in the lungs of septic rats, and treatment with a specific inhibitor of cADPR, 8-Br-cADPR, effectively inhibited Ca^2+^ overload, which indicated that cADPR plays a major role in sepsis-induced calcium overload. Treatment with 8-Br-cADPR significantly attenuated lung injury, reduced TNF-α and MDA levels, and recovered SOD activity in the lungs of septic rats, which suggest that blocking cADPR-mediated calcium overload protected septic rats from sepsis-induced ALI.

Recent studies have reported many new potential therapies for sepsis. For example, Toner *et al*.\[[@ref31]\] reported that aspirin could attenuate sepsis and acute respiratory distress syndrome by inhibiting cyclooxygenase, nuclear factor kappa B, nitric oxide, and lipoxin production. Low-dose exogenous carbon monoxide exposure protected against sepsis in animal models by inhibiting inflammatory responses and promoting host defense mechanism.\[[@ref32]\]β-blockers could help maintain a favorable hemodynamic profile, reduce proinflammatory cytokines, and improve survival in clinical and animal studies.\[[@ref33][@ref34]\] Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, could attenuate cytokine levels and improve survival in CLP mice models.\[[@ref35]\] Our study found that 8-Br-cADPR is also a new potential antiseptic agent that reduces intracellular calcium overload, TNF-α production, and oxidative stress.

Our study had some limitations. First, antibiotics were not administered as they would have been in the current clinical setting. Second, we did not examine the effects of 8-Br-cADPR alone, and we detected only limited effects of 8-Br-cADPR in septic rats, for example, we only measured TNF-α as a representative proinflammatory cytokine, which has been reported to have the greatest effect on the CD38/cADPR pathway in airway hyper-responsiveness.\[[@ref11][@ref28]\] The other functions of 8-Br-cADPR, its roles in other organs, its safety and toxicology require further study. Third, as the samples used for the test were collected from rat lung tissues, the data presented relatively larger variance compared to cell samples.

In conclusion, we found that the CD38/cADPR pathway was activated in the lungs of septic rats, and blocking cADPR-mediated calcium overload with 8-Br-cADPR protected against sepsis-induced ALI.
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